The Hedgehog and Decapentaplegic pathways have several well-characterized functions in the developing Drosophila compound eye, including initiation and progression of the morphogenetic furrow. Other functions involve control of cell cycle and cell survival as well as cell type specification. Here we have used the mosaic clone analysis of null mutations of the smoothened and thickveins genes (which encode the receptors for these two signals) both alone and in combination, to study cell cycle and cell fate in the developing eye. We conclude that both pathways have several, but differing roles in furrow induction and cell fate and survival, but that neither directly affects cell type specification. q
Introduction
The adult Drosophila compound eye is composed of approximately 750 repeating facets called ommatidia that are arranged in an invariant hexagonal array (Ready et al., 1976) . Each ommatidium contains 20 cells: eight photoreceptors and 12 accessory cells (Ready et al., 1976; Wolff and Ready, 1993) . Cell fate specification and recruitment occur in a stereotyped sequence that requires inductive and inhibiting signals from the complex integration of several pathways including the Hedgehog, Decapentaplegic, Notch/Delta, and Egfr/Ras pathways (Voas and Rebay, 2004) .
Patterning of the eye begins in the third larval instar and is preceded by an indentation in the disc called the morphogenetic furrow, which begins at the posterior margin of the eye disc and moves anteriorly (Ready et al., 1976) . The indentation that marks the furrow is a result of the constriction of an actin ring around the apical surface of the cells with the nucleus basally localized (Ready et al., 1976; Tomlinson, 1988; Wolff and Ready, 1991) . In the developing Drosophila eye, cell fate specification and the cell cycle are temporally and spatially regulated. Cells anterior to the furrow are unpatterned and randomly proliferating, while cells within the furrow are arrested in early G1 phase of the cell cycle (marked by expression of Cyclin D, Fig. 1A , B, and Finley et al., 1996) and patterning begins with expression of the proneural transcription factor atonal in the nuclei of all cells within the furrow ( Fig. 1 ; Jarman et al., 1994; Frankfort and Mardon, 2002) . Atonal is then restricted to a small cluster of cells called the intermediate group and finally to one cell per ommatidial cluster, the R8 photoreceptor (Jarman et al., 1994; Dokucu et al., 1996; Frankfort and Mardon, 2002) .
Posterior to the furrow, each R8 founder cell induces the recruitment of the other cell types into the cluster, first the R2 and R5 photoreceptors cells and then the R3 and R4 photoreceptors (Ready et al., 1976; Tomlinson, 1985; Tomlinson and Ready, 1987) . These five cells will remain in G1 arrest never to divide again. Those cells that remain unspecified will then re-enter the cell cycle for one more round of mitosis called the 'second mitotic wave' (Ready et al., 1976; Wolff and Ready, 1991; Baker, 2001 ). This provides the pool of cells from which the remaining cell types will be recruited, first photoreceptors R1 and R6, then R7, and finally the four lens-secreting cone cells (Ready et al., 1976; Tomlinson, 1988) . In the second mitotic wave, markers for each phase of the cell cycle are expressed, and we have registered these to atonal. Late G1 phase can be visualized by staining for anti-Cyclin E antigen the expression of which begins at about the first column of single R8s (Fig. 1C ,D, and Richardson et al., 1995) , while S phase, when DNA synthesis takes place, is marked by Bromo deoxy-Uridine (BrdU) incorporation beginning at the first column of single R8s (Fig. 1E ,F, and Wolff and Ready, 1991) . Cyclin A and Cyclin B are both expressed in the G2 phase ( Fig. 1G -J, and Knoblich and Lehner, 1993) , and finally, mitosis may be visualized by using an antibody to phospho Histone H3 (Fig. 1K ,L, and Mozer and Easwarachandran, 1999) . The expression of the G2 and M phase markers appears to be just posterior to the last few columns of atonal expression.
One important signaling pathway in eye development is the Hedgehog pathway, which is required for initiation and progression of the morphogenetic furrow. Hedgehog signaling from outside the eye field is required for furrow initiation (from the posterior disc margin, Domínguez and Hafen, 1997; Borod and Heberlein, 1998; Chen et al., 1999; Curtiss and Mlodzik, 2000; Pappu et al., 2003) , while hedgehog expression in developing photoreceptor cells posterior to the furrow is necessary and sufficient for furrow progression (Lee et al., 1992; Heberlein et al., 1993; Ma et al., 1993; Li et al., 1995; Ma and Moses, 1995; Strutt et al., 1995) . Anterior to the furrow, cells respond to the Hedgehog signal via the receptor Smoothened and other downstream elements, ultimately including the transcription factor Cubitus interruptus (Ci, Strutt and Mlodzik, 1996; Strutt et al., 1997; Fu and Baker, 2003; Pappu et al., 2003; Lum and Beachy, 2004) . In the (CycE) . (E and F) show cells that are in S phase using the marker Bromo-deoxy-Uridine (BrdU). (G and H) show cells that are in G2 phase and express Cyclin A antigen (CycA). (I and J) show cells that are in G2 phase and express Cyclin B antigen (CycB). (K and L) show cells that are in mitosis by staining for phosphorylated Histone H3 antigen (pH3). Note the absence of all markers except Cyclin D antigen in the furrow itself (coincident with atonal antigen). Note also the diffuse and unpatterned distribution of cell cycle markers anterior to the furrow and the more regular and restricted expression patterns posterior to the furrow (the 'second mitotic wave').
absence of Hedgehog signaling, the transmembrane receptor Patched inhibits the transmembrane protein Smoothened, and in consequence, full-length Ci-155 is cleaved to produce Ci-75, which then acts as a transcriptional repressor. In the presence of Hedgehog, Smoothened is de-repressed, and the cleavage of Ci-155 is blocked. Ci-155 then accumulates in the nucleus where it acts as a transcriptional activator (Motzny and Holmgren, 1995; Aza-Blanc et al., 1997; Kalderon, 2000; Lum and Beachy, 2004) . Cells in and anterior to the furrow activate the expression of several target genes, including hairy, patched and atonal in response to Hedgehog signaling (Heberlein et al., 1993; Ma et al., 1993; Ma and Moses, 1995; Baker and Yu, 1997; Dominguez, 1999; Shyamala and Bhat, 2002; Pappu et al., 2003) .
One of the downstream targets of Hedgehog signaling is Decapentaplegic, which is expressed in the furrow. Decapentaplegic is a signaling ligand and a homolog of vertebrate TGFbeta/BMPs molecules. Decapentaplegic dimerizes and binds to a tetrameric receptor complex, comprised of two type I receptor subunits (Thickveins or Saxophone in Drosophila) and two type II receptor subunits (Punt or Wishful thinking in Drosophila), which are constitutively active. The type II receptors phosphorylate the type I receptors, which, in turn, phosphorylate the receptor-regulated transcription factor Smad, Mothers against decapentaplegic (Mad). Mad then associates with a co-Smad (Medea) and the complex translocates into the nucleus, where it acts as a transcriptional activator (Arora et al., 1996; Niehrs, 1996; Derynck et al., 1998; Raftery and Sutherland, 1999) .
Decapentaplegic was, at first, thought to act as a second signal to relay the inductive signal forward (Blackman et al., 1991; Heberlein and Moses, 1995) . However, Decapentaplegic signals are neither necessary nor sufficient for furrow progression, which is not consistent with simple redundancy with Hedgehog (Burke and Basler, 1996b; Wiersdorff et al., 1996; Chanut and Heberlein, 1997; Pignoni and Zipursky, 1997; Fu and Baker, 2003) . Decapentaplegic pathway loss-offunction does not locally arrest the furrow (Burke and Basler, 1996b; Wiersdorff et al., 1996; Chanut and Heberlein, 1997; Fu and Baker, 2003) . Unlike hedgehog, the ectopic expression of decapentaplegic anterior to the furrow produces an ectopic furrow that begins some distance away at the eye disc margin rather than propagating away from the signal source (Pignoni and Zipursky, 1997) . Thus, decapentaplegic is neither necessary nor sufficient for furrow progression at the center of the disc but may be downstream of and redundant to hedgehog at the margin (Greenwood and Struhl, 1999) .
In contrast to their functions in furrow initiation and progression, neither Hedgehog nor Decapentaplegic signaling is absolutely required for cell fate specification posterior to the furrow (Heberlein et al., 1993; Ma et al., 1993; Strutt et al., 1997) . Smoothened loss-of-function clones in the interior of the disc recruit up to two columns of ommatidia (Strutt et al., 1997; Greenwood and Struhl, 1999; Pappu et al., 2003) , and differentiation is unaffected in hedgehog loss-of-function mutants (Heberlein et al., 1993; Ma et al., 1993) . In addition, cells within thickveins clones are able to differentiate as photoreceptor neurons, though their nuclei are mislocalized basally (Heberlein et al., 1993; Wiersdorff et al., 1996; Chanut and Heberlein, 1997; Penton et al., 1997) . However, clones mutant for both smoothened and thickveins or smoothened and mad are reported to completely lack differentiated photoreceptors (Greenwood and Struhl, 1999; Curtiss and Mlodzik, 2000) , suggesting that both pathways are required redundantly for cell fate specification. Ectopic expression of decapentaplegic alone in smoothened clones fails to rescue photoreceptor differentiation, but ectopic expression of both decapentaplegic and eyes absent results in complete rescue (Pappu et al., 2003) . On the other hand, loss of either of the downstream transcription factors ci or mad has little or no effect on differentiation, but loss of both results in a delay (Fu and Baker, 2003) .
Both the Hedgehog and Decapentaplegic pathways have been implicated in regulating the cell cycle, however, there is some disagreement as to the exact role each pathway plays. Smoothened loss-of-function clones have been shown to fail to enter S phase and have reduced expression of Cyclin D in the furrow (G1 arrest) and Cyclin E (G1) in the second mitotic wave (Duman-Scheel et al., 2002) . Additionally, Ci binds to the promoter of Cyclin E, suggesting that this induces up regulation of Cyclin E expression in the second mitotic wave (Duman-Scheel et al., 2002) . Thus, it would appear that Hedgehog signaling is required for the G1/S transition in the second mitotic wave.
However, it has also been reported that S phase is delayed in the center of smoothened loss-of-function clones but is not at the edges (Firth and Baker, 2005) . Furthermore, the G2/M transition in the second mitotic wave is delayed in these clones and Cyclin B (a G2 Cyclin) extends slightly into the furrow (Firth and Baker, 2005) . Thus, Hedgehog signaling may required for prompt G1 arrest in the furrow as well as proper timing of the G1/S and G2/M transitions.
The role of Decapentaplegic signaling in regulating cell cycle at the furrow appears to be more clear. Loss-of-function clones for thickveins, saxophone, mad, or the downstream transcription factor schnurri in the anterior portion of the furrow fail to arrest in G1, while clones in the posterior portion of the furrow are able to arrest in G1 (Penton et al., 1997; Horsfield et al., 1998; Firth and Baker, 2005) . In addition, lossof-function for thickveins or mad induces additional G2 Cyclin expression posterior to the normal end of the second mitotic wave (Horsfield et al., 1998; Firth and Baker, 2005) . These data suggest that Decapentaplegic signaling is required for prompt G1 cell cycle arrest in the furrow as well as the G2/M transition in the second mitotic wave.
Studies on mosaic clones doubly mutant for Hedgehog and Decapentaplegic pathway function have also not been easy to interpret. Double loss-of-function clones for the transcription factors ci and mad completely fail to arrest in G1 in the furrow but were able to normally cycle through the second mitotic wave (Firth and Baker, 2005) , implying that Decapentaplegic and Hedgehog signaling are both required for the timing of G1 arrest in the furrow but have no function in the second mitotic wave. However, it has also been reported that loss-of-function clones doubly mutant for the trans-membrane receptors smoothened and thickveins fail to re-enter the cell cycle after the furrow (Baonza and Freeman, 2005) . These data, taken together with data from clones lacking only smoothened, which fail to express G1 or S phase markers in the second mitotic wave (Duman-Scheel et al., 2002) , suggest that Hedgehog signaling alone controls entry into the second mitotic wave. One possible explanation as to the contradictory results reported with the ci mad and the smoothened thickveins double mutant clones is that loss of ci results in a loss of only the transcriptional activator activity of ci while loss of smoothened results in a loss of all downstream transcriptional activity.
Though Decapentaplegic expression is downstream of Hedgehog signaling, it is not clear as to exactly how redundant the two pathways really are to each other. Is the Hedgehog pathway responsible for certain aspects of cell fate and cell cycle regulation and the Decapentaplegic pathway responsible for others? Or do both pathways rely on each other for proper eye development? Or is it some combination of independent and dependent signaling? Therefore, we examined the Hedgehog and Decapentaplegic pathways individually and in combination to clarify the roles of these pathways. We specifically examined the effects of loss of the Hedgehog and Decapentaplegic receptors, smoothened and thickveins, since this prevents all transduction of the signal as Hedgehog and Decapentaplegic are diffusible molecules and all downstream targets of these pathways may not be identified. Here we report that both pathways are independent of each other on the level of the molecular markers, Ci155 and pMad. We examined biological makers for cell fate and cell cycle and report that neither smoothened nor thickveins individually or in combination are required for cell fate specification. Additionally we find that thickveins is required for G1 arrest in the furrow and for regulating the G2/M transition of the second mitotic wave, while smoothened is required for the G1/S transition, except at the edges of clones where some cells are able to progress into S phase. Loss of Hedgehog signaling also results in a disruption of the apical constriction of the actin cytoskeleton in the furrow and disruption of the Notch, Delta, and Egfr expression patterns; and these phenotypes are enhanced by loss of thickveins.
Results

Smoothened and thickveins null clones
In order to study the roles of the Hedgehog and Decapentaplegic pathways in the developing eye, we derived third-instar eye imaginal discs which contain mosaic clones for null mutations in the genes encoding the Hedgehog and Decapentaplegic receptors (smoothened and thickveins), both alone and in combination. To confirm that these mosaics are indeed mutant for the two pathways and to determine if there is redundancy in activation of downstream targets, we first visualized the dependent downstream transcription factors. We stained smoothened (smo 3 ) null clones for the Hedgehog pathway transcription factor Ci-155 and Smoothened and confirmed that in our hands, as previously reported, Ci-155 antigen is lost at the furrow and Smoothened antigen is lost in all clones ( Fig. 2A,B , not shown and Fu and Baker, 2003 and Baker, 2003) .
Likewise, we sought direct confirmation that, in our hands, thickveins clones disrupt Decapentaplegic signaling in the eye. To do this we first stained for the activated form of the downstream transcription factor pMad (Arora et al., 1996; Niehrs, 1996; Derynck et al., 1998; Raftery and Sutherland, 1999) . As the pattern of pMad expression in the developing eye is not yet reported, we first set out to describe the wild-type pattern (Fig. 3A,D) . We stained third instar eye discs from a stock that expresses LacZ in the furrow under the control of the BS3.0 decapentaplegic disc enhancer (Fig. 3B,D , Blackman et al., 1991) . We co-stained for atonal antigen, because the atonal expression pattern is very well characterized in the furrow. The fist stage at which spaced ommatidial proneural groups are established is the 'Atonal intermediate group' (black arrow in Fig. 3A -D, Jarman et al., 1994; Baker et al., 1996; Dokucu et al., 1996) .
We find that pMad is indeed expressed in the furrow, but the pattern is quite surprising. We see a low-level, uniform granular distribution in and anterior to the furrow, which rises to a high level in regular groups of cells on the posterior side for two columns. This is followed by very low-level expression further posterior (Fig. 3A,D) . Furthermore, the highest level of pMad expression appears to be in groups of cells, just posterior to the first and second (white arrows in Fig. 3A-D) column of single atonal-positive ommatidial founder cells and posterior to that of decapentaplegic transcription, at least as revealed by dpp:lacZ. This expression pattern suggests that low levels of Decapentaplegic signaling anterior to the furrow may be required for furrow progression, while high level signaling posterior to the furrow may play a role in the second mitotic wave.
We find that pMad antigen expression is lost in clones lacking thickveins and smoothened thickveins double mutants (Fig. 3E,F and not shown). This is consistent with two things: (1) the pMad antigen is indeed revealing activated Mad and is thus a valid reporter of Decapentaplegic pathway activation, and (2) the thickveins clones in our hands do indeed disrupt the Decapentaplegic pathway. However, we find that pMad is not affected in clones mutant for smoothened alone (not shown). Thus, the two pathways are fully independent, at least to this level.
Hedgehog and Decapentaplegic signaling are not necessary for cell fate specification
Since we find that downstream components of the Hedgehog and Decapentaplegic pathways can be activated independently of each other, we then examined the roles of these pathways in differentiation and ommatidia rotation. As previously reported, we find that some cells in smoothened clones are able to differentiate as neurons, particularly towards the posterior side of the clone (arrows in Fig. 4A , B and Strutt and Mlodzik, 1996; Greenwood and Struhl, 1999) . We also stained for other, more specific markers and, consistent with the reports of others, we found examples of all of them within the clones (SalM for R3 and 4, Senseless and Bride of sevenless for R8 and Cut for cone cells, not shown, Fu and Baker, 2003) . Additionally, we observe a loss of Rough antigen expression (arrowheads in Fig. 4C,D) , which has also been shown for hedgehog loss of function alleles and patched over expression (Chanut et al., 2000) . This may be an indirect effect through the Ras pathway, which regulates rough (Dokucu et al., 1996) . Posterior to the furrow, ommatidia rotate so as to form the equator (Reifegerste and Moses, 1999) . We stained for ommatidial orientation with the R1/6 marker BarH1 (Fig. 4E and F, Chou and Chien, 2002) and chirality with M-delta 0.5:lacZ reporter expression (not shown, Cooper and Bray, 1999) and find that they are not affected. Thus, we conclude that Hedgehog signaling is not essential for the specification of retinal cell types in the third instar or for the orientation of the ommatidia.
While smoothened clones are quite large, thickveins loss-offunction clones are very small, consistent with the Decapentaplegic pathway functioning in proliferation anterior to the furrow (Fig. 4G-L , Penton et al., 1997; Horsfield et al., 1998) . This may be due to a defect in proliferation or survival or both. Furthermore, in many discs containing thickveins clones, some territories appear to become re-specified as non-eye tissue. However, in many of the thickveins clones, cells can differentiate as neurons and can express cell fate specific markers (Fig. 4G-L) , though some clusters lack a full complement of cells (Fig. 4G,H) . We stained for BarH1 (Fig. 4K,L) and M-delta 0.5:lacZ reporter (not shown) and observe no defects in rotation or chirality. Thus, we conclude that Decapentaplegic signaling, like Hedgehog signaling, is not essential for the specification of a retinal cell type in the third instar, or for the orientation of the ommatidia.
We next examined double mutant clones and found that the phenotype is more extreme than either smoothened or thickveins alone. However, we observe at least a few examples of double mutant cells that can differentiate normally (arrows in Fig. 4M-R) . This is quite interesting as smoothened thickveins double mutant clones abolish atonal expression (Greenwood and Struhl, 1999) and it may be that the furrow cannot pass through such a clone (Fu and Baker, 2003) . The few cells that are able to differentiate may do so without having passed through a furrow, much like when the Egfr pathway is activated anterior to the furrow. In this case, cells can differentiate as photoreceptors without first passing through the furrow and in the absence of atonal (Dominguez et al., 1998) . Thus, retinal cells are primed to differentiate as photoreceptors even anterior to the furrow and without the prior formation of an R8 cell. It may be that in these smoothened thickveins double mutant clones the Egfr pathway is activated by the inward diffusion of an activating ligand (such as Spitz) from the adjacent wild-type tissue. We take the differentiation of these few cells as photoreceptors in some smoothened thickveins double mutant clones to indicate that those particular clones have not been re-specified as any other organ.
Like thickveins clones, we observe that rough is expressed in the smoothened thickveins double mutant clones, whereas expression is completely lost in smoothened clones. Previous studies have shown that a dominant mutation in rough (ro Dom ) is suppressed by loss of hedgehog or over expression of patched, a negative regulator of the Hedgehog pathway, indicating that rough is downstream of Hedgehog pathway activity (Chanut et al., 2000) . Therefore, Hedgehog and Decapentaplegic are redundant but not required for cell specification except for rough expression, and that thickveins normally acts to inhibit rough expression in the absence of Hedgehog signaling.
Hedgehog and Decapentaplegic signaling are necessary for cell cycle regulation in the developing eye
Since the Hedgehog and Decapentaplegic pathways are redundant for some aspects of cell fate, we examined their roles in cell cycle regulation. We find that in smoothened clones, the G1 specific Cyclin D is expressed in the furrow, but clones posterior and adjacent to the furrow maintain Cyclin D expression longer than is normal (arrows in Fig. 5A,B) . Cyclin E, a marker for late G1, appears to be unaffected in the second mitotic wave, in contrast to a previous report (Fig. 5C,D,  Duman-Scheel et al., 2002) . However, cells in smoothened clones are unable to completely re-enter the cell cycle in the second mitotic wave (as previously reported, Duman-Scheel et al., 2002; Firth and Baker, 2005) : they fail to incorporate BrdU or express the G2 Cyclins A and B or phospho Histone H3 (Fig. 5E-L) . It may be that the cells in smoothened clones are able to enter a mid-G1 phase where low levels of Cyclin D are still expressed while high level of Cyclin E build up. Since these cells are unable to enter S phase despite seemingly wild type levels of Cyclin E, it may be that in the absence of smoothened, the S phase inducing activity of Cyclin E is down regulated by some unknown mechanism, perhaps through loss of a post-translational modification. Interestingly, Hedgehog signaling has no effect on cell cycle regulation anterior to the furrow where cells are unpatterned and are randomly proliferating. Our results contrast with a previous report that smo D16 clones lack Cyclin D and Cyclin E in the second mitotic wave (Duman-Scheel et al., 2002) . This difference may be due to our use of a different allele (smo 3 ), however, it has also been reported that smo 3 clones have delayed and ectopic Cyclin B and phospho Histone H3 staining and BrdU incorporation, which we do not observe (Firth and Baker, 2005) .
Turning to the Decapentaplegic pathway, we find that clones lacking thickveins function fail to express Cyclin D, and we observe ectopic S phases and the expression of both G2 Cyclins in the furrow, indicating that the cells within these clones do not arrest in G1 as has been reported (black arrows in Fig. 6A ,B and E-J, Penton et al., 1997; Horsfield et al., 1998) . In addition, we find that a second mitotic wave late G1 marker, Cyclin E, is down regulated in thickveins clones (arrows in Fig. 6C,D) , which suggests that the Decapentaplegic pathway may be required for G1 phase in both contexts. We find that cells in thickveins clones are able to enter S phase in the second mitotic wave as visualized by BrdU incorporation (white arrows in Fig. 6E,F) as well as the G2 phase. Since Cyclin E is down-regulated in thickveins clones but S phase appears to be normal, it may be that loss of thickveins lowers the threshold of Cyclin E activity required to induce S phase and allow subsequent progression through the cell cycle. However, the G2/M transition of the second mitotic wave is disrupted in thickveins clones as expression of the G2 Cyclins in clones that span the second mitotic wave extend posterior to the normal end of the second mitotic wave (white arrows Fig. 6G-J) . In order to determine if this ectopic expression of G2 markers led to ectopic mitoses, we stained for phospho Histone H3 and found a decrease in the number of positive nuclei in the second mitotic wave (Fig. 6K,L) . Since Hedgehog signaling appears to be required for the G1/S transition and Decapentaplegic signaling plays a role in G1 arrest in the furrow and the G2/M transition of the second mitotic wave, we examined how Hedgehog and Decapentaplegic signaling act together to regulate the cell cycle. Smoothened thickveins double clones lack Cyclin D expression in the furrow and have ectopic expression of the G2 markers in the furrow, just as in clones mutant for thickveins alone (compare Fig. 6A ,B to Fig. 7A ,B and black arrows in Fig. 6G -J to Fig. 7G-J) . We also see a loss of Cyclin E in the second mitotic wave like thickveins clones (compare Fig. 6C,D to Fig. 7C,D) . However, loss of thickveins and smoothened, however, results in cells farther away form the edges of the clone entering S phase than in smoothened clones alone. These data suggest that loss of thickveins allows for a greater diffusiblity of the S phase rescuing factor, which may be some short-range signaling molecule that allows for entry into S phase (compare Fig. 5E,F to Fig. 7E,F) . We also observe ectopic expression of the G2 Cyclins posterior to the second mitotic wave, similar to clones mutant for thickveins alone (compare white arrows in Fig. 6G -J to Fig. 7G-J) . Finally, mitoticly active cells are only seen at the edges of clones as seen in both smoothened and thickveins single mutant clones (Fig. 7K,L) . Thus, thickveins is epistatic to smoothened with respect to expression of the G1, G2 and M phase markers of the second mitotic wave but not S phase as well as for G1 arrest in the furrow.
Hedgehog and Decapentaplegic signaling and cell survival in the developing eye
Since the cell cycle is altered in smoothened, thickveins, and smoothened thickveins double mutant clones, we examined the roles of these pathways in cell survival. We find that clones which lack only smoothened are large, suggesting that cells proliferate and survive normally, at least early in life and anterior to the furrow. However, mosaic clones lacking thickveins or both receptors are very small. This suggests that many cells in these clones may fail to divide, proliferate slowly or die anterior to the furrow. Another possibility is that these A and B) and ectopic S phase cells (black arrows in E and F), G2 phase (Cyclin A, black arrows in G and H, and Cyclin B, black arrows in I and J) and ectopic mitosis (arrows in K and L). Note also that thickveins affects the G1 phase in the second mitotic wave (black arrows in G and H). Note also that thickveins induces ectopic G2 marker expression posterior to the second mitotic wave (white arrows in G-J). Note that phosphorylated Histone H3 expression is absent in the second mitotic wave. cells may actually leave the epithelium, as has observed in the developing wing (Gibson and Perrimon, 2005) . Indeed, we see outgrowths in large clones that do not express retinal markers (not shown).
To study survival, we tested for the presence of cells (visualizing Lamin D antigen, which stains the nuclear envelope) and for apoptotic death with an antibody to activated Caspase 3 (Fig. 8) . We find that clones lacking only smoothened while not small, do show some indications of cell death, including dysmorphic nuclei (arrows in Fig. 8A,B) and elevated activated Caspase 3 (arrows in Fig. 8C,D) . In contrast, clones lacking only thickveins while small, show no such indications of cell death, at least in the late third instar (arrows in Fig. 8E-H) . However, the double mutant clones resemble clones mutant for only smoothened in these respects (arrows in Fig. 8I-L) . It may be that cells lacking smoothened die at some slow rate or late, allowing for large clones, while those lacking thickveins die early or fail to proliferate.
Smoothened is required for the expression of elements in other signaling pathways
Though the Hedgehog and Decapentaplegic pathways are critical for proper eye development, other signaling pathways such as the Egfr/Ras and Notch/Delta pathways also play integral roles (Voas and Rebay, 2004) . Therefore, we examined the affects of loss of Hedgehog and Decapentaplegic signaling on other signaling pathways. Since Egfr and Notch are normally localized to the constricted apical tips of cells in the morphogenetic furrow (Cho and Choi, 1998; Lesokhin et al., 1999; Rodrigues et al., 2005) , we first determined if the apical constriction of the actin cytoskeleton is intact in the furrow, and we find that these apical constrictions, as revealed by F-actin, are disrupted (arrows in Fig. 9A,B) . Interestingly these disruptions do not precisely follow the edges of the clones, suggesting that there are some non-autonomous effects. Likewise, we see defects in Egfr, Notch and Delta staining . Note that these double mutant clones affect G1 arrest in the furrow as evidenced by loss of Cyclin D (arrows in A and B) and ectopically induce G2 phase (Cyclin A, black arrows in G and H, and Cyclin B, black arrows in I and J) and delay mitosis (arrows in K and L). Note also that the double mutant clones reduce the G1 phase in the second mitotic wave (black arrows in C and D). Note also that double mutant clones reduce S phase in the second mitotic wave (black arrows in E and F), while some cells near the clone boundary escape this (white arrows in E and F). Note also that double mutant clones induce ectopic G2 marker expression posterior to the second mitotic wave (white arrows in G-J). (Fig. 9C-H) . It may be that the localization of these proteins depends, in part, on the structure of these constrictions. However, we see no such defects in clones mutant for thickveins alone (not shown). The double mutant clones, on the other hand, show a more extreme phenotype than clones mutant for smoothened alone (Fig. 10) , consistent with the idea that the furrow cannot enter a doubly mutant clone. These data suggest that Hedgehog and Decapentaplegic signaling are redundant for proper apical actin constriction and the localization/expression of members of the Egfr/Ras and Notch/Delta pathways.
Discussion
Here we report investigations into the effects of Hedgehog and Decapentaplegic signaling in the developing eye, acting alone and in combination (Table 1) . Interestingly, though Hedgehog signaling is required for Decapentaplegic expression, the two pathways are not completely redundant. Our data and that of previous reports demonstrate that for some aspects of eye development, the two pathways have separable and independent functions, such as Hedgehog signaling regulation of rough expression and S phase of the second mitotic wave. However, both pathways have redundant roles in the apical constriction of the actin cytoskeleton and proper expression of elements of the Egfr/Ras and Notch/Delta signaling pathways as well as in cell fate specification, though neither pathway is required for differentiation. Finally, the Decapentaplegic pathway is epistatic to the Hedgehog pathway for G1 arrest in the furrow and G1, G2 and M phases of the second mitotic wave. These various ways in which the Hedgehog and Decapentaplegic pathways work together (or not) demonstrate the complexity of pathway integration for proper eye development.
We see a strong effect of loss of Hedgehog signaling in the morphology of cells in the furrow, and we suggest consequentially, in the distribution of the Egfr and Notch receptors. This disruption of the localization of elements of other signaling pathways, which is enhanced by the additional loss of thickveins, may explain some of the phenotypes we observe. For example, cells at the edges of smoothened and double mutant clones near wild type tissue are still able to enter S phase. The Notch/Delta pathway has been shown to regulate the G1/S transition of the second mitotic wave with loss of pathway activity leading to a loss of S phase (Baonza and Freeman, 2005) . Therefore, it may be that Notch/Delta signaling between cells in the wild type tissue and in the clone, allows for the S phases seen at the edges of the clones, while in the center of clones, where the Notch/Delta pathway is disrupted, S phase is lost. We also observe that cell fate specification can still occur at the edges of smoothened thickveins double mutant clones. It may be that the furrow does not really pass through the double mutant clones, but some signal from outside the clone can still induce photoreceptor cell fate, at least close to the clone margins. This is likely to be Spitz/Egfr signaling, which is present but disrupted in smoothened clones, as this signal can induce photoreceptor fate ectopically even anterior to the furrow and without the formation of R8/founder cells (Dominguez et al., 1998) .
Here we report the roles of Hedgehog and Decapentaplegic signaling in eye development, however, these pathways are also instrumental for patterning and proliferation in the developing wing. Studies in the wing have shown that like in the eye, decapentaplegic expression is downstream of hedgehog, suggesting that these pathways may also rely on each other for proper wing development (Blackman et al., 1991; Heberlein and Moses, 1995; Vervoort et al., 1999; Tanimoto et al., 2000) . Though we find that smoothened and thickveins have no role in ommatidial cell fate, Hedgehog signaling is required for specification of intervein and vein territories in the central region of the wing (Mullor et al., 1997; Strigini and Cohen, 1997) , and Decapentaplegic signaling has been shown to be required for vein cell fate in the developing pupal wing de Celis, 1997; Torres-Vazquez et al., 2000) .
Like in the eye, Hedgehog and Decapentaplegic signaling have been implicated in cell cycle regulation in the developing wing. Studies in the wing found that overexpression of the Hedgehog signal induces proliferation through upregulation of Cyclin D and Cyclin E, as well as specifically promotes S phase in the wing margin (Mullor et al., 1997; Duman-Scheel et al., 2002) . While FACS analysis of wing discs revealed that thickveins loss of function clones (tkv 7 ) have a reduced number of cells in S phase and an increase in the number of cells in G1 phase (Martin-Castellanos and Edgar, 2002) . Additionally, inhibition of the Hedgehog signal results in decreased growth and cell proliferation rates (Duman-Scheel et al., 2002) , and loss of Decapentaplegic pathway signaling results in small clones, suggesting that these pathways are important in cell survival and/or proliferation in the wing (Burke and Basler, 1996a; Martin-Castellanos and Edgar, 2002 ).
It appears that both tissues use Hedgehog signaling to promote S phase and possibly cell survival as inhibiting Hedgehog signaling results in cell death in the eye and decreased growth in the wing. Additionally, the two tissues may use Hedgehog signaling to regulate the G1 phase, though this regulation may have subtle differences. In addition, Decapentaplegic signaling also appears to be necessary for proliferation in the developing eye and wing, though these tissues may use this signal to regulate the cell cycle differently. This is not surprising as the developing third instar eye and wing discs may have fundamental differences in cell cycle regulation, as the eye has a coordinated second mitotic wave and the wing does not. For example, the eye may utilize some factors that are not present in the wing disc to prevent the build up of too much Cyclin E, therefore, Cyclin E levels are decreased in the eye but not in the wing. Additionally, thickveins appears to be responsible for G1 arrest in the furrow, while in the wing, G1 arrest in the zone of nonproliferating cells is mediated by Wingless signaling (Johnston and Edgar, 1998) . However, it may be that the eye and wing regulate the cell cycle using Hedgehog and Decapentaplegic signaling in much the same way, but the techniques used to examine this phenomenon in the different tissues do not allow for a direct comparison of results. For example, it may be that FACS analysis is a more sensitive technique than immunohistochemistry, and thus we are unable to detect the subtle changes in the cell cycle that were observed in the wing. Alternatively, the FACS analysis was performed on wing discs that contained thickveins clones in a Minute background in order to achieve a larger sample of thickveins mutant cells (Martin-Castellanos and Edgar, 2002) . However, dying cells, such as those homozygous for Minute mutations, have been shown to have non-autonomous effects on the biology of the surrounding cells in the wing (Perez-Garijo et al., 2004; Ryoo et al., 2004) . Indeed, one study has reported that Minute mutations can nonautonomously affect pattering of photoreceptors in the developing eye (Rodrigues et al., 2005) . It may be that the Minute background partially masked the thickveins cell cycle phenotypes and the eye and wing may not be as different as it initially appears. Our data also shows that the Hedgehog and Decapentaplegic pathways are only partially redundant in the eye, which has also been shown in the wing. Hedgehog signaling alone is required for specification of veins 3 and 4 and the sensory organ precursors (SOPs) near the anterior/posterior boundary of the developing wing, whereas Decapentaplegic signaling mediated by Hedgehog promotes some SOP formation in the notum and some other regions of the wing (Mullor et al., 1997; de Celis, 2003) .
In some instances, our data contrasts with previous reports from others. In one case, in which different alleles of smoothened (smo 3 versus smo
D16
) were examined, phenotypic variation may be a result of allele specific effects (Duman-Scheel et al., 2002) . However, in another case, both groups have used the same allele: smo 3 (Firth and Baker, 2005) , and it may be that some other aspect of the genetic background of the stocks differed that influenced the results observed. The effects of removing a receptor (Smoothened) may also differ in some cases from those of removing a downstream element (Ci, Fu and Baker, 2003; Firth and Baker, 2005) . We have also observed that clones which remove thickveins or smoothened and thickveins together often appear to be re-specified as other structures, resembling appendage discs. This may be due to other functions of the Decapentaplegic pathway on the disc margins and in defining the limits of the eye field. The interpretations of others may have been confounded by such re-specification in some cases. Indeed, in the developing wing, cells lacking Decapentaplegic pathway function actually leave the epithelium (Gibson and Perrimon, 2005) . We have taken some care to analyze only those small clones near the center of the eye field that do not have these characteristics. Indeed, the fact that we can observe photoreceptor specific markers in some cells that lack both smoothened and thickveins demonstrates that even the double mutant clones do not always re-specify.
In summary, from this report and published data, we conclude that the Hedgehog pathway has important roles in inducing furrow initiation and progression. We find that the Hedgehog and Decapentaplegic pathways have redundant roles in actin constriction in the morphogenetic furrow, expression of Egfr, Notch and Delta, and differentiation with neither pathway essential for cell type specification. Likewise, we find no role for either Hedgehog or Decapentaplegic signaling in ommatidial rotation or chirality. We also suggest that the Hedgehog pathway alone is required for rough expression and the G1/S transition in the second mitotic wave and provides a protective function against apoptosis. In contrast, the Decapentaplegic pathway appears critical for furrow initiation at the disc margins (but not progression in the center). In addition, the Decapentaplegic pathway is epistatic to Hedgehog signaling for maintenance of G1 arrest in the furrow and regulation of G1 phase and the G2/M transition in the second mitotic wave.
Drosophila stocks and mosaic analysis
For smoothened, thickveins and smoothened thickveins clones, larvae were derived: w y ey:FLP; P{w For decapentaplegic expression larvae carrying: BS3.0 decapentaplegic enhancer driving beta-galactosidase, dpp:lacZ, (Blackman et al., 1991) .
